One contribution of 17 to a theme issue 'Provocative questions in left -right asymmetry'. Left-right asymmetry in the nervous system is observed across species. Defects in left-right cerebral asymmetry are linked to several neurological diseases, but the molecular mechanisms underlying brain asymmetry in vertebrates are still not very well understood. The Caenorhabditis elegans left and right amphid wing 'C' (AWC) olfactory neurons communicate through intercellular calcium signalling in a transient embryonic gap junction neural network to specify two asymmetric subtypes, AWC OFF (default) and AWC ON (induced), in a stochastic manner. Here, we highlight the molecular mechanisms that establish and maintain stochastic AWC asymmetry. As the components of the AWC asymmetry pathway are highly conserved, insights from the model organism C. elegans may provide a window onto how brain asymmetry develops in humans. This article is part of the themed issue 'Provocative questions in leftright asymmetry'.
Introduction
Laterality in the nervous system is a phenomenon observed across several animal species. Most notably, language centres are localized to the left hemisphere of the brain, while spatial recognition is more dominant in the right hemisphere in the majority of the population [1] . In addition, mice, zebrafish and the nematode Caenorhabditis elegans also display left-right asymmetry. For example, mice exhibit paw preferences, zebrafish have laterality in their epithalamus and C. elegans has functional and molecular asymmetries in at least two pairs of sensory neurons [2] [3] [4] [5] [6] . It has been proposed that brain asymmetry allows for different sides of the nervous system to perform distinct tasks [7] . Defects in brain asymmetry are implicated in several neurological diseases, including schizophrenia, autism, attention deficit hyperactivity disorder, Alzheimer's disease and dyslexia [8] [9] [10] [11] . In addition, defects in asymmetry of the epithalamus of zebrafish result in increased anxiety [12] . However, the molecular mechanisms underlying asymmetry in the nervous system have proved challenging to unveil. Caenorhabditis elegans has emerged as a powerful model organism to address this important biological question, in large part due to observable molecular and functional correlates of brain asymmetry.
Two types of neuronal asymmetries have been described in C. elegans: stochastic and directional. The pair of amphid wing 'C' (AWC) olfactory neurons displays stochasticity, while the pair of ASE taste neurons exhibits directional asymmetry. The mechanisms used by these neuronal pairs are largely distinct from each other [6, [13] [14] [15] , with the exception of a zinc finger transcription factor DIE-1. This factor acts in both pairs of neurons to establish the two forms of asymmetries [2, 16] . In this review, we highlight the molecular mechanisms that establish and maintain stochastic AWC asymmetry in C. elegans.
2. The amphid wing 'C' neuron pair differentiates asymmetrically into AWC ON and AWC OFF subtypes in a stochastic manner
The left and right AWC neurons appear symmetric at both anatomical and morphological levels. However, the two AWC neurons display molecular and functional asymmetry, as they express different sets of G protein-coupled receptors and sense different odours. figure 2c ) [18,20 -23] . In addition, the C 2 H 2 zinc finger transcription factor, DIE-1, acts downstream of SEK-1 (MAPKK) to promote AWC OFF (figure 2c) [2, 16] .
The TIR-1 (Sarm1) adaptor protein assembles a calciumsignalling complex that includes UNC-43 (CaMKII) and NSY-1 (MAPKKK) at postsynaptic sites of AWC axons, in a manner dependent on microtubules and kinesin motor UNC-104 (KIF1A), to specify AWC OFF (figure 2c) [20, 24, 25] . figure 2b,c) . The two AWC cells make this decision in part by making axon contact with each other, as axon guidance mutants result in asymmetry defects [18] . In addition, the innexin gap junction protein NSY-5 connects a transient embryonic network of neurons, including the two AWC neurons, which coordinate with one another using calcium signalling to ensure the appropriate 1AWC ON 
/1AWC
OFF decision is made (figure 2b) [26, 27] .
Furthermore, differences in calcium levels between left and right sides of other non-AWC neuron pairs in the NSY-5 network confer different side biases of AWC ON (figure 2b 
Maintenance of amphid wing 'C' asymmetry
After AWC asymmetry is established via transient signalling during embryogenesis, AWC OFF and AWC ON identities are maintained throughout the life of the animal (figure 1d) using three distinct mechanisms: olfactory signalling, transcriptional regulation and transforming growth factor beta (TGF-b) signalling [18, 32, 33] . figure 3 ). HMBX-1 is an orthologue of a mammalian homeobox protein, HMBOX1. In mammals, HMBOX1 functions in telomerase maintenance [34] and gene repression in immune cells and endothelial cells [35] [36] [37] [38] . Similar to its mammalian orthologue, HMBX-1 acts to maintain the AWC ON identity by repressing the AWC OFF marker srsx-3 [32] (figure 3). TGF-b signalling components, including a TGF-b type I receptor (encoded by daf-1) and its ligand (encoded by daf-7), are required for the maintenance of srsx-3 expression in the AWC OFF cell [32] ( figure 3) . The dauer hormone inhibits daf-7 expression to promote the formation of dauer [32, 39] , an arrested stage developed under harsh environmental stresses. The dauer pheromone inhibits srsx-3 expression by repressing daf-7, suggesting that environmental cues can influence the maintenance of AWC asymmetry [32] . Changes in chemosensory receptor gene expression caused by specific environmental experiences may alter sensory perception [40] . In line with this view, binding sites of TGF-b signalling effector SMAD are overrepresented in the promoters of many chemosensory receptor genes [41] .
Discussion
The AWC ON and AWC OFF cells are olfactory neurons that sense and mediate behaviours towards distinct odorants. The consequences of loss of asymmetry in C. elegans are behavioural defects. Mutants in which AWC OFF neurons adopt the AWC ON identity lose the ability to sense the AWC OFF -sensed odour, and vice versa. Olfaction is crucial for animals to sense their environment and to distinguish between food or danger signals. Therefore, establishment and maintenance of left-right asymmetry in the nervous system is important for neuronal diversity and survival.
The vast majority of molecules involved in the AWC asymmetry pathway are conserved across species, and some have been shown to play similar roles in left-right patterning in vertebrates. Intercellular calcium signalling through a gap junction-coupled neural network mediates coordination of the two AWC neurons to establish asymmetry [26, 27] . As in AWC asymmetry, calcium signalling is involved in left-right asymmetric organ patterning in vertebrates. Calcium oscillations control movement of cilia at the left-right organizer, which in turn triggers waves of intracellular calcium on the left side of the body, and subsequently results in Nodal signalling to promote asymmetry during organ development [42] [43] [44] [45] . In asymmetric organ development of frogs, gap junctions are also involved in cell-cell communication, as altered gap junction expression results in heterotaxia [46] . Like AWC asymmetry, cell-cell interactions through tight junctions are also involved in left-right asymmetric organ development of vertebrates [47] . Another mechanism proposed for breaking left-right symmetry during development of vertebrates is via the cytoskeleton, independent of cilia and Nodal [25] . Studies have identified a biased sister chromatid segregation mechanism, without direct involvement of Nodal to break symmetry in mice [48, 49] . AWC neurons of C. elegans also rely on microtubules to ensure appropriate development of asymmetry [24, 25] . Thus, the genes involved in AWC asymmetry may provide insight into mechanisms used to establish left-right asymmetry in the vertebrate nervous system.
The lateral inhibition involved in establishing the AWC ON and AWC OFF identities is reminiscent of that observed in Notch signalling to distinguish between different cell types. However, the AWC asymmetry pathway may represent a unique form of lateral inhibition that is independent of Notch [18] . As in Notch signalling, the two AWC neurons communicate in order to determine which cell will adopt a particular identity. In the Notch signalling pathway, differential levels of the Notch receptor and Delta ligand are expressed between neighbouring cells in order to ultimately confer two distinct [26] .
The stochasticity observed in the establishment of AWC left-right asymmetry is also used as a mechanism for cell diversification in different developmental processes across species, from bacteria, which stochastically maintain certain cells in a 'persister' state, to Drosophila in patterning the retina in a random fashion (reviewed in [53, 54] ), and in mice to determine the fate of olfactory sensory neurons [55] . Stochasticity may be used to diversify cell fates as opposed to stereotypic developmental decisions as a means to allow organisms to adapt to quickly changing environments, as in the case of bacteria, which randomly exist in a 'persister' state to remain dormant in order to survive the possibility of facing antibiotics.
Another school of thought is that stochasticity existed as a less evolved means to diversify cell types.
Components of the AWC asymmetry pathway have homologues that are involved in other neurodevelopmental processes. p38 MAPKs are involved in determining neuronal cell fate and function [56] , CaMKII has been shown to play a role in dendritic pattering [57] , gap junctions are critical in cell death during neuronal development [58] , and tight junctions are involved in myelin sheath development [59] . In addition, calcium signalling is involved in various aspects of neuronal development and differentiation, including maturation, choice of neurotransmitter expression, dendritic arborization and axon pathfinding [60] . The calcium-signalling pathway involved in specifying AWC ON versus AWC OFF cell identity choice may be conserved in these developmental processes. 
